Friedreich's ataxia (FRDA) is a neurodegenerative disorder caused by an unstable GAA repeat expansion within intron 1 of the FXN gene and characterized by peripheral neuropathy. A major feature of FRDA is frataxin deficiency with the loss of large sensory neurons of the dorsal root ganglia (DRG), namely proprioceptive neurons, undergoing dying-back neurodegeneration with progression to posterior columns of the spinal cord and cerebellar ataxia. We used isolated DRGs from a YG8R FRDA mouse model and C57BL/6J control mice for a proteomic study and a primary culture of sensory neurons from DRG to test novel pharmacological strategies. We found a decreased expression of electron transport chain (ETC) proteins, the oxidative phosphorylation (OXPHOS) system and antioxidant enzymes, confirming a clear impairment in mitochondrial function and an oxidative stress-prone phenotype. The proteomic profile also showed a decreased expression in Ca 2+ signaling related proteins and G protein-coupled receptors (GPCRs). These receptors modulate intracellular cAMP/cGMP and Ca 2+ levels. Treatment of frataxin-deficient sensory neurons with phosphodiesterase (PDE) inhibitors was able to restore improper cytosolic Ca 2+ levels and revert the axonal dystrophy found in DRG neurons of YG8R mice. In conclusion, the present study shows the effectiveness of PDE inhibitors against axonal degeneration of sensory neurons in YG8R mice. Our findings indicate that PDE inhibitors may become a future FRDA pharmacological treatment.
Introduction
Friedreich's ataxia (FRDA) (OMIM # 229300, ORPHA:95) is a rare inherited disease. It is classified as a hereditary sensory neuropathy (with autosomal recessive inheritance) involving axonal loss that affects large neuronal fibers [1] . The first pathological changes appear in the dorsal root ganglia (DRG) and the peripheral nerves, with the loss of the proprioceptive neurons, followed by atrophy of the spinal posterior columns and the spinocerebellar and corticospinal tracts of the spinal cord [2] . These changes are accompanied by progressive distal loss of large myelinated fibers in the peripheral nerves responsible for deep sensitivity, which causes ataxia [1] . In addition, patients can develop hypertrophic cardiomyopathy and diabetes; therefore, FRDA has been described as a systemic disorder by some authors [3] . This disease is caused by deficiency of a mitochondrial protein called frataxin (FXN) [4] . Frataxin expression is seriously compromised in patients due to a hyperexpansion of GAA-TTC repeats in intron 1 of the FXN gene that decreases the transcription of the gene [5] . Frataxin is responsible for iron sulfur cluster (ISC) biosynthesis and iron homeostasis [6, 7] , participating in cellular energy production [8] and the oxidative stress response [9] . In FRDA, the lack of frataxin is related to defects in mitochondrial respiration [10] with increased oxidative stress [11] [12] [13] , abnormal Ca 2+ homeostasis [14] , and overload of cellular iron [15] . In FRDA, deficient ISC synthesis is the most accepted early initiating event that alters activities of ISC-dependent enzymes and those of ETC complexes which contain ISC subunits [6] . In this respect, endomyocardial biopsies of two FRDA patients showed decreased activities of aconitase and complexes I, II, and III [16] , fibroblast of FRDA patients have been shown to present defects in the activities of complexes I and II [17] , and more recently, downregulated expression of NDUFAI subunit of complex I has also been described in the blood of FRDA patients [18] . Besides showing a defective ETC activity, the oxidative phosphorylation is uncoupled and ATP production is decreased in skeletal muscle of FRDA patients [10] . Thus, FRDA is considered an OXPHOS deficient mitochondrial disease [19] . These early defects in ISC biosynthesis and mitochondrial respiration precede other mitochondrial alterations such as oxidative stress, mitochondrial iron accumulation, and iron-mediated oxidative stress as a common underlying mechanism present in several neurodegenerative disorders [20] .
Current pharmacological treatments and therapeutic strategies in FRDA can be classified into five categories: palliative and symptomatic treatments, iron chelators, antioxidants, FXN level modifiers, and gene therapy (for review, see [21] [22] [23] [24] [25] ). Despite the fact that treatments directly target the main pathophysiological key points such as oxidative stress or iron accumulation, FRDA has no treatment that can alter its natural history. For this reason, our interest focused on discovering what other signaling pathways are involved in the pathophysiological mechanisms of neurodegeneration in FRDA, as well as testing novel and effective related treatments, using the YG8R mouse model.
The YG8R mouse is a transgenic animal that contains the entire FRDA locus from a Friedreich's ataxia patient with GAA expansions in a null mouse Fxn background [26] . These Bhumanized^mice exhibit progressive neurological symptoms resembling those of FRDA patients, such as degeneration of the large sensory neurons of the DRG [26] . Cellular studies performed in primary culture of DRG from YG8R mice have determined that the frataxin deficiency in sensory neurons involves global mitochondrial dysfunction with depolarized mitochondria, increased reactive oxygen production (ROS) production, and improper Ca 2+ handling which together cause axonal dystrophy in the neurodegenerative process [27] . The multiple axonal spheroids, formed mainly due to Ca 2+ imbalance, can be reverted by prolonged treatments with Ca 2+ chelators or metalloprotease inhibitors [27] . Calcium is strongly connected with two other cellular second messengers, cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP). These second messenger pathways have reciprocal regulation, for instance Ca 2+ waves (which increase cytosolic Ca
2+
) cause a cytosolic increase of cAMP and cGMP that decreases cytosolic levels of Ca 2+ and restores basal levels [28] [29] [30] . In neurons, Ca 2+ and cAMP transduce extracellular signals through G proteincoupled receptors (GPCRs) to regulate essential neuronal processes such as differentiation [31] , axonal growth [32] and guidance [33] , excitability and synaptic transmission [34] , and gene expression [35] . In fact, pharmacological strategies promoting cyclic nucleotide signaling have been shown to improve axonal health [36] [37] [38] .
Cellular cAMP and cGMP levels are regulated by adenylate cyclase (AC) and guanylate cyclase (GC), in charge of their synthesis, and by phosphodiesterases (PDEs), responsible for their degradation. For their synthesis, AC is able to integrate positive or negative signals directly from GPCRs or indirectly via intracellular signals mediated by protein kinase A (PKA), protein kinase C (PKC), and calcium/ calmodulin-dependent protein kinase (CaMK) [39] . Of these, the most important in activating AC and raising cAMP levels is the G protein alpha subunit (Gαs) liberated after GPCR activation.
PDE enzymes belong to a superfamily comprising 11 subtypes based on their subcellular distribution, their regulatory mechanisms, and, especially, their affinity to each of the cyclic nucleotides. Because cAMP and cGMP are involved in a wide variety of neuronal functions, alterations in the levels of these nucleotides can be related to neurodegenerative processes in time and space [30, 40] . In particular, an alteration in calcium levels may lead to improper cAMP or cGMP signaling causing pathogenic effects on cells [29] .
In the current investigation, we performed a proteomic study of the DRG of YG8R mice. The proteomic profile showed that frataxin deficiency in this tissue is associated with defects in the proteins related to GPCR signal transduction. Because GPCRs regulate the synthesis of intracellular second messengers such as cAMP and Ca
, then we should expect reduced cAMP levels in the DRG of YG8R mice with a defective intracellular response mediated by GPCRs. For this reason, we chose a pharmacological strategy based on PDE inhibitors to act on cyclic nucleotide signaling, avoiding the axonal dystrophy seen in the DRG neurons of YG8R mice.
We have confirmed that PDE inhibitors, as promoters of GPCR signaling, recover Ca 2+ overload and abnormal mitochondrial network morphology and reverse the formation of axonal spheroids in frataxin-deficient sensory neurons. Therefore, we propose PDE inhibitors as a potential therapeutic treatment for Friedreich's ataxia.
Methods

Animals, Primary Culture, and Cell Lines
The experiments were performed using the YG8R FRDA mouse model purchased from The Jackson Laboratory Repository (Stock no. 008398). The YG8R mouse model has FXN gene targeted alleles and carries two human FXN genes with GAA triplet sequences of 82 and 190 repeats. Previous publications have demonstrated that both C57BL6/ J or wild-type littermates are the correct controls for YG8R mice [26, 41] . Thus, the C57BL/6J mouse was used as control in this study. The crossing and genotyping was carried out as described by Mollá et al. [42] . Animals were group-housed under standard housing conditions with a 12-h light-dark cycle and food and water ad libitum. The local Animal Ethics Review Committee of Spanish National Research Council (CSIC) approved all mouse experiments. Primary culture of DRG was performed as previously described [27] .
The lymphoblast lines were obtained from the CIBERER Biobank (www.ciberer-biobank.es). Briefly, B lymphocytes from peripheral blood mononuclear cells (PBMC) were transformed by adding EBV supernatant to the PBMC in transformation medium (RPMI 1640 + 20% FBS + 1% L-glutamine + 1% de penicillin-streptomycin + 1 μg/ml cyclosporin). The cells were incubated in 5% CO 2 at 37°C, in vented filter cap tissue culture flasks placed in an upright position. FRDA patient selection and recruitment was carried out with the approval of the Biomedical Research Ethics Committee (CEIB) of Hospital La Fe (Valencia). Informed consent was obtained from all participants. Immortalized lymphoblasts from healthy volunteers were a gift from Dr. García-Gimenez of CIBERER.
Proteomic Study by 2D-DIGE
The proteomic study was performed in DRG tissue comparing FXN-deficient YG8R mice and C57BL/6J control mice at 24 months of age. Changes in the protein expression pattern were evaluated by 2D-DIGE, performed at the Proteomics Unit (Two-Dimensional Electrophoresis) of the Central Research Unit (UCIM), Central Service for Support to Experimental Research (SCSIE) of the University of Valencia. Spots that varied in value by more than 1.3 were digested with trypsin and analyzed by MALDI-TOF (4700 Proteomics Analyzer, ABSciex) in the Proteomic Core Facility at the Príncipe Felipe Research Center (CIPF). The spots that were not well identified were reanalyzed by Liquid Mass, LC-MS/MS, (5600 TripleTOF, ABSciex) in the SCSIE (University of Valencia). ProteinPilot (ABSciex) default parameters were used to generate a peak list directly from MALDI-TOF and LC-MS/MS files. To identify peptide sequences, database searches on SwissProt, NCBInr, and Expasy were used. Only the proteins for which there were individual evidence (unique peptides with enough confidence) have been listed. We based our selection on the Unused ProtScore as a measure of the protein confidence for a detected protein; the peptides (95%) as the number of distinct peptides having at least 95% confidence; the % coverage (95) as the percentage of matching amino acids identified peptides having confidence greater than or equal to 95% divided by the total number of amino acids in the sequence. For the study, we collected the DRG from three experimental biological replicates comprising 24-month-old YG8R (n = 3) mice and C57BL/6J (n = 3) control mice.
Immunodetection of Protein Expression by Western Blot
We studied protein expression by western blot in DRG tissues of 24-month-old YG8R (n = 6) and C57BL6/J control mice (n = 6). DRGs were resuspended in 200 μl of ice cold lysis buffer (50 mM Tris-HCl pH 7.4; 1% (v/v) Triton X-100; 1.5 mM MgCl, 50 mM NaF, 5 mM EDTA, 1 mM sodium orthovanadate, 0.1 mM PMSF, 1 mM DTT, protease, and phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO)) and were mechanically homogenized simultaneously with TissueLyser II (QIAGEN, Hilden, Alemania) through high-speed shaking in plastic tubes with stainless steel beads (diameter 5 mm). Five cycles of 50 Hz for 30 s were applied with 30 s between each cycle. Then, protein lysates from tissues were centrifuged at 14,000 rpm for 15 min at 4°C. The supernatant containing whole protein extracts were collected and quantified with Bradford protein assay (Bio-Rad). Electrophoresis, transference, and blocking were performed as [42] . Membranes were incubated in blocking buffer overnight at 4°C with primary antibodies against CREB (1:1.000, Abcam, Cambridge, England, UK), p-CREB (1:1.000, Cell Signaling), PKA (1:1.000, Abcam), and p-PKA (1:1.000, Abcam). After incubation with the appropriate secondary antibodies, protein bands were detected using a Fujifilm Las-3000 after incubation with the ECL Plus Western Blotting Detection System (GE Healthcare, Chicago, Illinois, USA). Densitometry was measured using the ImageJ software (N.I.H., USA). Densities of phosphorylated protein bands for each sample were normalized to the density of the corresponding total protein bands.
cAMP Measurement by ELISA
We measured cAMP levels in DRG tissues of 24-month-old YG8R (n = 2) and C57BL6/J control mice (n = 3) using an ELISA kit (Cayman Chemical Company, Ann Arbor, MI, USA). DRG tissues were prepared following the manufacturer's instructions and samples were measured using the Wallac Victor 2TM 1420 Multilabel Counter (Perkin Elmer, Waltham, Massachusetts, USA). Supernatants from the tissue extraction were also quantified with a BCA protein assay (Thermo-Scientific, Waltham, Massachusetts, USA). Each cAMP absorbance measure was normalized to corresponding protein quantification.
Measurement of Cytosolic Ca
2+ In Vivo Fluo-8 AM binds to intracellular Ca 2+ and fluorescence intensity increases upon Ca 2+ binding. Fluorescence of Fluo-8 AM (emission 525 nm) was monitored in live neuronal imaging using a 40× objective on a Leica TCS SP8 laser-scanning confocal microscope. Cultured neurons were identified by morphological criteria, and fluorescence intensity relative to area was measured in neuronal somas with ImageJ. At least 108 neurons were analyzed in three or more independent experiments for each treatment and genotype. For experiments using PDE inhibitors, DRG cultures were treated for 5 DIV with i) 13.5 μM nicardipin (Sigma-Aldrich), ii) 300 nM sildenafil (Sigma-Aldrich), or iii) 0.5 μM rolipram (Sigma-Aldrich). Doses were selected based on previously published data [43] [44] [45] .
Analyses of Frataxin Levels
The lymphoblast was grown in RPMI 1640 (Gibco, Invitrogen, Carlsbad, California, USA) supplemented with 20% fetal bovine serum containing 2 mM Lglutamine and antibiotics and maintained at 37°C in an atmosphere of 5% CO 2 in air. For experiments using PDE inhibitors, lymphoblasts were treated for 24 h with i) 13.5 μM nicardipin (Sigma-Aldrich), ii) 300 nM sildenafil (Sigma-Aldrich), or iii) 0.5 μM rolipram (SigmaAldrich). Western blotting was performed as described by Bolinches-Amoros et al. [14] . Membranes were stained with specific antibodies: frataxin (Abcam) and actin was used as a loading control (Sigma-Aldrich).
Mitochondrial Morphology in DRG Neurons
The mitochondrial morphology analysis was performed as previously described [27] . For experiments using PDE inhibitors, DRG cultures were treated for 5 DIV with i) 13.5 μM nicardipin (Sigma-Aldrich), ii) 300 nM sildenafil (SigmaAldrich), or iii) 0.5 μM rolipram (Sigma-Aldrich). Doses were selected based on previously published data [43] [44] [45] .
Statistical Analysis
The GraphPad Prism 5.00.288 software was used to generate the graphs and statistical analysis. The mean data were compared using one-way ANOVA followed by Bonferroni post hoc test to determine the significance of values between different experimental groups. Significant P values *P < 0.05, **P < 0.01, and ***P < 0.001 were considered.
Results
Reduction of Frataxin Levels Decreases Protein Expression in DRG
To investigate the molecular pathways involved in sensory neuron degeneration due to frataxin deficiency, we carried out a proteomic study of DRG in the FRDA mouse model. The proteomic expression profile was obtained from DRG samples from 24-month-old YG8R and C57BL/6J mice using two-dimensional fluorescence difference gel electrophoresis (2D-DIGE) technology. The comparative study showed 15 protein spots with significant differential expression (P < 0.05) between YG8R mice and C57BL/6J control mice. These spots were analyzed and 964 differential proteins corresponding to 495 different genes were identified. Strikingly, all identified proteins were downregulated in YG8R mice compared to C57BL/6J control mice, suggesting a protein expression defect in the DRG of FRDA (Fig. 1A, B) . The Protein Analysis Through Evolutionary Relationships (PANTHER) software based on Gene Ontology (GO) database was used to search for biological and functional features of targeted proteins. Classification by molecular function showed that the majority of altered proteins belonged to the catalytic activity and binding proteins categories (Fig. 1C) . To identify the signaling pathways in which the defective proteins were involved, we performed in silico analyses with Paintomics online tools, based on KEGG (Kyoto Encyclopedia of Genes and Genomes). Paintomics analysis revealed the implication of the 495 decreased genes in 199 KEGG pathways involved in signal transduction (PI3K-Akt, calcium, cGMP-PKG, and cAMP signaling pathways), energy metabolism (oxidative phosphorylation), cardiovascular diseases, and neurodegenerative diseases, among others (Table 1) . Overall, the DRG of YG8R mice showed a decrease in protein expression in pathways related to cellular mechanisms, neuronal processes, and metabolic pathways, some of which, namely OXPHOS, antioxidant systems, and Ca 2+ signaling, have been previously described in the pathology of the YG8R mouse model [26, 27, 33, 46] .
Frataxin Deficiency Causes Defects in OXPHOS and Antioxidant Enzymes
The proteomic study of the DRG of YG8R mice revealed a decrease in expression of proteins related to the OXPHOS system compared with the C57BL/6J control. The defect in the OXPHOS system was extensive and involved seven subunits distributed between complexes I, II, and III of the electron transport chain (ETC), two alternative ways/means of electron entry into the ETC and two subunits of complex V ( Table 2) . In complex I, the affected proteins were NDUFAF7, NDUFS3, NDUFA10, and NDUFS1 (subunits relevant to complex I function). NDUFAF7 participates in the assembly and stability of complex I, and the catalytic core subunits NDUFS3, NDUFA10, and NDUFS1 are directly involved in electron flow. In complex II, the decreased protein was the catalytic subunit SDHA that converts succinate into fumarate by transferring electrons to CoQ. We previously reported that SDHA interacts physically with frataxin [19] . In complex III, we found a reduction in core protein I and Cyt c1 subunits. Core protein I acts as a link to complex formation between Cyt c and Cyt c1, which is part of the heme group that is directly involved in electron flow. The YG8R mouse also had decreased levels of ETFα and GPD2, which transfer electrons to the ETC from the mitochondrial β-oxidation of fatty acids within mitochondria and the Krebs cycle, respectively. ETFα, involved in the initial step of the β-oxidation of fatty acids in the mitochondria, is also able to interact physically with frataxin [19] . Finally, in complex V, we found a reduction in the α and β subunits of ATP synthase, which phosphorylate ADP to generate ATP, suggesting a possible defect in ATP production.
In addition, the YG8R mouse had decreased levels of two antioxidant proteins, thioredoxin and thioredoxin domaincontaining protein 5. The thioredoxin deficit, as well as several other antioxidant systems, has already been described in the DRG of YG8R mice by Shan and collaborators [47] and relates FXN deficiency with the oxidative stress suffered by sensory neurons. All these results suggest mitochondrial respiratory impairment in the DRG of YG8R mice that correlates with the mitochondrial depolarization and oxidative stress previously reported in primary culture of sensory neurons and neuronal tissues from YG8R mice [27, 42, 46] .
Deficit of Frataxin Causes Defects in GPCR Signal Transduction
Comparison of proteomic profiles confirmed a relevant defect in GPCR signaling proteins in the DRG of YG8R mice with respect to the C57BL/6J control mice. FXN-deficient DRG showed a decrease in 11 proteins belonging to the G protein family and several effector molecules of the signal transduction pathways related to GPCRs: IP3/Ca 2+ and cAMP pathways ( Table 2) .
Regarding the IP3/Ca 2+ signaling pathway that modulates the intracellular level of Ca 2+ , we have found that YG8R mice have decreased levels in i) four G protein subunits, two subunits of Gαq type (GNA11, GNA14), and two subunits of (GNB1 and GNB2) ; ii) the effector molecule PLC3β; and iii) two subunits of PKC (PKCα and PKCβ). The defect in G proteins and PLC3β could explain the altered store operated calcium entry (SOCE) mechanism described in sensory neurons of YG8R mice [27] .
In relation to the cAMP signaling pathway, YG8R mice have decreased expression of three regulatory subunits of PKA (PKAR1A, PKAR1B, and PKAR2B) and the transcription factor CREB1. Both PKA and CREB are directly activated by cAMP. Therefore, to determine whether these protein defects could affect cAMP cellular signaling, we measured cAMP levels by ELISA and p-PKA/PKA and p-CREB/ CREB ratios by western blot in DRG tissue from YG8R mice. We found a reduction in cAMP levels ( Fig. 2A) , although p-PKA/PKA and p-CREB/CREB ratios were no different (Fig.  2B-D) in YG8R compared to C57BL6/J control mice. Despite reduced cAMP levels in YG8R mice, the cellular signaling through this pathway does not seem to be affected. The genes named in this work are marked in bold and belong to PI3K-Akt, calcium, cGMP-PKG, cAMP, oxidative phosphorylation, Alzheimer's disease, insulin pathway signaling, and protein processing in endoplasmic reticulum signaling pathways
Deficit of Frataxin Causes Defects in Ca
2+ Binding Proteins DRG of YG8R mice showed lower levels of Ca 2+ binding proteins such as calmodulin, calcineurin (PP2B), and calpain compared with the C5BL/6J control mice, suggesting inefficient Ca 2+ -sensitive signaling ( Table 2) . The reduction of calpain activity previously reported in sensory neurons in YG8R mice [27] could be due to the decrease in calpain protein levels observed in this work. 
PDE Inhibitors Rescue Degeneration in Frataxin-Deficient Sensory Neurons
The extensive defect in the GPCR signaling pathway found in the DRG of FXN-deficient mice suggests that GPCR signaling might be involved in the pathophysiology of FRDA. Therefore, a pharmacological action on this pathway could prevent neuronal degeneration. To confirm this hypothesis, we proposed a pharmacological strategy based on PDE inhibitors that inhibit cAMP/cGMP degradation and increases their levels. Evidence that intervention in cyclic nucleotide signaling improves axonal health has already been published [36] [37] [38] . Three different PDE inhibitors were selected as a result of their ability to increase cGMP and cAMP levels. Sildenafil is a specific inhibitor of PDE5 that increases the cytosolic levels of cGMP [37] , rolipram (a PDE4 inhibitor) increases cAMP levels [48] , and nicardipine (a PDE1 inhibitor) is able to augment both cAMP and cGMP levels [49] . In addition, nicardipine can act as a L-type Ca 2+ channel blocker, which decreases cytosolic Ca 2+ levels [49] . These drugs have been used in primary culture of sensory neurons obtained from YG8R mice, which illustrate the multifocal axonal neurodegenerative model of frataxin deficiency [27] .
The intracellular Ca 2+ levels were measured in vivo with Fluo-8 AM, and mitochondrial distribution was analyzed. Under basal conditions, we observed increased Ca 2+ levels in YG8R mice neurons (1.00 ± 0.0) compared with C57BL/6J control mice (0.6733 ± 0.3246). After treatment with PDE inhibitors, the Ca 2+ levels decreased in all cases, but only when using sildenafil a complete restoration of the control levels was achieved (Fig. 3A) . The least effective means of decreasing cytosolic Ca 2+ level were both the PDE1 inhibition and the L-type Ca 2+ -channel blockade by nicardipine treatment. This result confirms that PDE1 inhibition is not as effective as PDE4 or PDE5 inhibition in increasing cAMP and cGMP levels and suggests that the Ltype Ca 2+ channels do not participate in the increase of cytosolic Ca 2+ in frataxin-deficient sensitive neurons. In these frataxin-deficient neurons, oxidative stress and Ca 2+ dyshomeostasis act as initiating factors of axonal focal lesion [27] , with a mitochondrial pathology as an ultrastructural sign of early damage. After treatments, confocal images showed a physiological mitochondrial distribution along YG8R mice neurons (Fig. 3B) . Previous studies have demonstrated how resveratrol, a PDE inhibitor, increases frataxin levels [50] . Thus, it was interesting to confirm that sildenafil, nicardipine, and rolipram had the same effect on sensory neurons. Using lymphoblasts from FRDA patients and healthy control, we showed that frataxin expression does not increase after treatment with sildenafil, rolipram, and nicardipine (Fig. 1S ), suggesting that Ca 2+ level modulation with PDE inhibitors may be critical to improve neuronal axonopathy observed in FXN-deficient cells.
Next, we analyzed the mitochondrial network of neurons using MitoTracker and β-tubulin III antibody. We observed important alterations in the mitochondrial morphology in YG8R mice neurons compared with C57BL/6J control mice under basal conditions. In control neurons, mitochondria were distributed homogenously in the proximal and distal axonal segments. In contrast, in frataxin-deficient neurons, mitochondria were retained in axonal spheroids forming bead chains as a clear marker of neurodegeneration (Fig. 4A) . In the proximal segments of YG8R mice neurons, mitochondria increased in number and in percentage of occupied area (Fig. 4B, C) and were less elongated and more interconnected than in control neurons (Fig. 4D, E) . Moreover, YG8R mice mitochondria were swollen, reaching values that duplicated their sizes compared with control neurons (Fig. 4F, G) . Successfully, YG8R mice neurons treated with PDE inhibitors rescued this phenotype showing similar mitochondrial characteristics compared to controls (Fig. 4C-G) , except for the number of mitochondria. Treatment with sildenafil or rolipram did not have any effect on the number of mitochondria, whereas it increased using nicardipine (Fig. 4B) . Following PDE inhibitor treatments, YG8R mice neurons also showed higher elongation and lower interconnectivity of mitochondrial networks compared to basal conditions (Fig. 4D, E) and decreased swelling in mitochondria (Fig. 4F, G) leading to values similar to control neurons.
All these results confirm the effectiveness of PDE inhibitors against axonal degeneration in frataxin-deficient neurons in culture.
Discussion
The DRG is the primary site of neurodegeneration in FRDA; hence, it makes the ideal target tissue to investigate the pathophysiological mechanism of this disease. In this study, we found a general protein deficit in the DRG of YG8R mice. Protein depletion was observed in different pathways such as ETC, OXPHOS, and antioxidant systems, confirming their alteration in FRDA as previously reported in several studies (Table 3) . However, in this work, we identified a newly affected biochemical pathway that so far has not been described in FRDA: the GPCR signaling pathway. The DRG of YG8R mice also showed decreased levels of four G proteins and four effectors of transduction cascades, namely PLCβ, PKC, PKA, and CREB (suggesting an impairment in the GPCR signaling pathway). The altered expression of these proteins could induce decreased levels of cAMP, as indeed we have confirmed by measuring the cAMP levels. Nevertheless, lower levels of cAMP do not seem to affect the activation of PKA and CREB, because the p-PKA/PKA and p-CREB/ CREB ratios were not altered in the YG8R mice compared to C57BL/6J control mice. This fact might be explained by the possible involvement of alternative mechanisms and targets for the cellular action of cAMP. For instance, a family of novel cAMP effector proteins called EPACs (exchange proteins directly activated by cAMP) [55] has recently been related with axon specification and axonal elongation function [56] . Therefore, additional investigations through cAMP signaling pathway should be made to gain further insights into the secondary effectors involved in the cAMP defect in FRDA. Overall, defects in GPCR signaling impede gene expression and Ca 2+ -mediated signaling (which modulate different cellular processes, e.g., neuronal survival or synaptic activity and plasticity) [57] . Furthermore, defects in GPCR signaling generate a lower neuroprotective response to oxidative stress [58] , less neurite outgrowth [59] , and less synaptic plasticity of neurons [57] .
In addition to GPCR signaling impairment, the DRG of YG8R mice showed reduced levels of the Ca 2+ -binding proteins calmodulin, calcineurin, and calpain (suggesting alterations in Ca 2+ -mediated signaling in FRDA). We previously reported an increase in intracellular Ca 2+ levels, defective SOCE mechanism and less calpain activity in sensory neurons of YG8R mice [27] . These alterations in Ca 2+ homeostasis may be the result of the GPCR signaling defects herein described. Specifically, the reduced amount of Ca 2+ -binding proteins reported in this work is probably the cause of lower calpain activity that has previously been reported in YG8R mice [27] .
The cell surface GPCRs produce the large majority of the ubiquitous second messenger cAMP and, together with the PDE enzymes that degrade the cAMP and cGMP, maintain the appropriate amounts of both cyclic nucleotides. Promotion of cAMP and cGMP levels using PDE inhibitors is commonly used in clinical practice for treating the pathophysiological dysregulation of cyclic nucleotide signaling in several disorders including erectile dysfunction, pulmonary hypertension, and cardiac failure. Moreover, their potential therapeutic applications in neurodegenerative diseases have been described and PDE inhibitors are currently under clinical study in Alzheimer's and Huntington's disease [60] and also in FRDA [50] . Rolipram, a selective PDE4 inhibitor, promotes in vivo axonal regeneration of the central nervous system after spinal cord injury through CREB-dependent gene expression [44, 61] and recovers cognitive and synaptic function in Alzheimer's disease mice models [62] . Sildenafil, which acts by inhibiting cGMP-specific PDE5, improves peripheral neuropathy in diabetic mice by stimulation of cGMP-dependent protein kinase (PKG) [63] and enhances neurogenesis and functional recovery after a stroke [37] . These PDE inhibitors provide mitochondrial bioenergetics promotion, antioxidant effects, and neuroprotective and neuroregenerative actions. Because decreased mitochondrial biogenesis has been demonstrated in mononuclear cells from peripheral blood of FRDA patients, in FRDA cells and mouse models [64, 65] , as well as decreased mitochondrial potential membrane and increased ROS production in cerebellar neurons from YG8R mice [46] among other neuronal models [14, 27] , it would seem that PDE inhibitors may display potential therapeutic benefits in FRDA. Resveratrol, a nonselective PDE inhibitor, increases FXN expression in cellular and mouse models of FRDA and has clinical benefits in FRDA patients by improving oxidative stress and clinical outcomes [50] . It has been suggested that the beneficial effects of resveratrol on FRDA are obtained through the activation of SIRT1 and PGC1α, which control genes involved in mitochondrial biogenesis and antioxidant defenses [50] . Another example of PDE inhibitor with therapeutic benefits in FRDA is sulmazole which has recently been demonstrated to be efficient in reducing cardiac dilatation in a Drosophila model of FRDA [66] . Lastly, forskolin treatment through the increase in the intracellular concentration of cAMP normalizes mitochondrial oxidative status and prevents apoptosis in frataxin-silenced β-cells and primary islets and neurons [67] . Therefore, increasing cAMP through different pathways seems to improve the pathological phenotype in FRDA, although much still remains unknown about the beneficial mechanisms of cAMP in the pathophysiology of FRDA.
Taking all this evidence into account, we propose the use of PDE inhibitors to treat degeneration of sensory neurons in FRDA. In this work, we tested the effectiveness of three PDE inhibitors (sildenafil, rolipram, and nicardipine) in counteracting axonal degeneration of sensory neurons of YG8R mice. FXN deficiency in these neurons causes alterations in mitochondrial networks related to intracellular Ca 2+ overload [27] . Mitochondria appear spherical, swollen, and interconnected and are retained in the proximal region of neurites, forming axonal spheroids and promoting axonal degeneration [27] .
The promotion of GPCR signaling, especially of those pathways involving Ca 2+ -cAMP-cGMP as second messengers with an important role in the regulation of neuronal functions, might be beneficial in frataxin deficiency. Therefore, we propose the modulation of the cAMP/ cGMP levels as a promising intervention to ameliorate the pathophysiology of FRDA, providing novel molecular targets for therapeutic intervention preventing axonal degeneration.
We found that all three PDE inhibitors decreased intracellular Ca 2+ levels and improved mitochondrial network morphology reaching reversion of axonal spheroid formation. Treatment with nicardipine was less effective in reducing Ca 2+ levels, indicating that L-type Ca 2+ channels are not involved in Ca 2+ overload in FRDA. However, sildenafil and rolipram treatments were equally effective at reducing Ca 2+ overload and recovering mitochondrial morphology. Previous studies have demonstrated that the effect of sildenafil on the calcium signaling pathway is cGMP mediated. These include the inhibition of IP3 formation by phospholipase C [68] and the activation of the sarco/endoplasmic reticulum calcium ATPases (SERCA) [69] . In any case, the consequences are the [Ca 2+ ] i decrease. In the case of rolipram, the effect is mediated via PKA or EPAC activation that in turn mediates different cellular effects. The PKA activation decreases the intracellular Ca 2+ levels [70] , and EPAC regulates matrix Ca 2+ entry via the Significant P values: *P < 0.05, **P < 0.01, and ***P < 0.001 were considered. (G) Mitochondrial swelling expressed as cumulative distribution was analyzed using the Kolmogorov-Smirnov test mitochondrial calcium uniporter, preventing mitochondrial permeability transition (MPT) [71] . The discovery of a local cAMP/PKA signaling cascade in the mitochondrial matrix that promotes respiratory chain activity and ATP production [72, 73] , and the demonstration of cross-talk between cAMP and Ca 2+ signaling inside mitochondria [74] open up new questions on the molecular mechanism by which PDE inhibitors lead to mitochondrial recovery and mitochondrial Ca 2+ signaling promoting neuronal survival in FRDA. Our results demonstrate axonal dystrophy reversion by PDE inhibitors through decreasing intracellular Ca 2+ levels, and it is probable that the cause is by increasing mitochondrial Ca 2+ uptake (Fig. 5) . These data support the use of PDE inhibitors as promising pharmacological treatments to suppress mitochondrial dysfunction and dying-back neurodegeneration in FRDA. Signaling and cellular processes Cytoskeleton proteins [52] a In this study, the same protein was obtained, but in a different subunit Authors' Contributions BM conducted and designed experiments, analyzed the results, and wrote the manuscript. DM and PC performed experiments. MI and AF customized mito-morphology macro of ImageJ for morphometric mitochondrial analysis. FVP and MDM interpreted the data and wrote the manuscript. FP and PG designed the study, supervised the experiments, analyzed the data, and wrote the manuscript. All authors read and approved the final manuscript.
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